For the operation of the supercritical once-through boiler generation units, the control of the temperature at intermediate point (IPT) is highly significant. IPT is the steam temperature at the outlet of the separator. Currently, PID control algorithms are widely adopted for the IPT control. However, PID cannot achieve the optimal performances as the units' dynamic characteristic changes at different working points due to the severe nonlinearity. To address the problem, a new control algorithm using affine nonlinear system is adopted for a 600 MW unit in this paper. In order to establish the model of IPT via affine nonlinear system, the simplified mechanism equations on the evaporation zone and steam separator of the unit are established. Then, the feedback linearizing control law can be obtained. Full range simulations with the load varying from 100% to 30% are conducted. To verify the effectiveness of the proposed control algorithm, the performance of the new method is compared with the results of the PID control. The feed-water flow disturbances are considered in simulations of both of the two control methods. The comparison shows the new method has a better performance with a quicker response time and a smaller overshoot, which demonstrates the potential improvement for the supercritical once-through boiler generation unit control.
Introduction
Developing supercritical once-through boiler generation units [1] is of great importance due to the threats of global warming and severe air pollution. The supercritical units have the advantage of high power generation efficiency up to 45%. Moreover, they are able to maintain relatively high efficiency even at low loads. However, as the side effects, the system is severely nonlinear, which is difficult to control.
On the one hand, high performance is required for the IPT control, as 1 ∘ C variation of IPT could end up with fluctuations of main-steam temperature around 8 ∘ C generally. The variation of main-steam temperature has profound effects on the stability, security, and efficiency of supercritical units. Therefore, the IPT control is a key problem to all of the units. On the other hand, more and more distributed energy is integrated into the grid. Renewable energy such as solar and wind power has bad capacity of peak regulation which leads to the increasing requirement of load regulation for the traditional units. To improve the control performance, the nonlinearity must be addressed.
For nonlinear systems [2] , researchers have developed many control strategies for the IPT control, such as adaptive control [3, 4] , fuzzy control [5] [6] [7] , neural network control [8] [9] [10] , predictive control [11] [12] [13] , and coordinated control [14] .
In 2000,Åström and Bell established a simplified nonlinear model of the drum-boiler unit [15] . The model has been widely used; however, the unbalance between feedwater flow and coal combustion [16] could cause disturbance on steam temperature, and the model cannot be used in the situations of once-through boilers. Fuzzy controller was applied to once-through boiler [17] in 2006, and adaptive control strategy was came up with in 2007 [18] which had good effect on slowly changing system. However, it was not able to deal with the situations of sudden load change.
In [19] , a fuzzy autoregressive moving average model was proposed and applications of online self-organizing fuzzy logic controller were presented to a boiler-turbine system in a power plant. However, the techniques have been applied for nonmodel-based controller design and the control rules may not be accurate enough as the plant model information is not utilized. The applications of dynamic matrix control (DMC) to a drum-type boiler-turbine system were presented in [20] , but the validation of the step-response model may be unsatisfied in designing the DMC. Sode-Yome et al. proposed some methods which can be used in stability control of power system [21] , and the controller was designed for ultrasupercritical once-through boiler power plant [22] . This type of power plant could be used mainly for base line power generation and this technique may not be suitable for the power plants with frequent load changes.
With rapid development of nonlinear control theory and affine nonlinear system [23] [24] [25] [26] , currently exact linearization theory [27] has been applied into numerous industrial applications such as nonlinear automatic control of helicopter [28] and power system [29] .
In this paper, affine nonlinear system based on exact feedback linearization [30] [31] [32] is adopted on the control of IPT for supercritical units. The contents of the paper are outlined as follows. In Section 2, by establishing the model of the evaporation zone and steam separator, the appropriate model via affine nonlinear system is chosen and the exact feedback linearizing control rules are obtained. The stability analysis of the chosen nonlinear system is made and simulations on the PIT control via affine nonlinear system are conducted in Section 3. In Section 4, to verify the new method proposed in the paper, the control performances of the nonlinear optimal control and PID control are compared with the load varying from 100% to 30%. The results show the new control method is more effective comparing with the conventional PID as the conclusion is made in Section 5.
Modeling and Controller Design via Affine
Nonlinear Systems
Model of the Evaporation Zone and Steam-Separator.
In order to simplify boiler model [33] , the following hypothesis is given. : medium enthalpy at the outlet of the economizer (kJ/kg);
: steam pressure at the outlet of the economizer (MPa);
: feed-water flow at the outlet of the economizer (kg/s);
: steam pressure at the outlet of the evaporation zone (MPa);
: steam temperature at the outlet of the evaporation zone (K);
: steam density at the outlet of the evaporation zone (kg/m 3 );
: metal mass of the evaporation zone (kg);
: steam flow at the outlet of the evaporation zone (kg/s); : internal energy of steam at the outlet of the evaporation zone (kJ/kg);
: metal temperature at the outlet of the evaporation zone (K);
: specific heat capacity of the metal in evaporation zone (kJ/(kg⋅K));
: steam enthalpy at the outlet of the evaporation zone (kJ/kg);
: average steam density in evaporation zone (kg/m 3 );
: heat which the steam transfers to the metal pipe in evaporation zone (kJ/s);
: heat which the metal pipe transfers to the steam in evaporation zone (kJ/s);
, : length (m) and volume (m 3 ) of the evaporation zone;
: metal mess of the steam separator (kg);
: inner surface area of the steam separator (m 2 );
: steam temperature at the outlet of the separator (K);
: volume of the separator (m 3 );
: metal temperature at the outlet of the separator (K);
: steam flow at the outlet of the separator (kg/s);
: steam density at the outlet of the separator (kg/m 3 );
: specific heat capacity of the separator's metal (kJ/(kg⋅K));
: steam enthalpy at the outlet of the separator (kJ/kg);
: steam pressure at the outlet of the separator (MPa);
: heat which the steam transfers to the metal pipe in separator (kJ/s);
: specific heat capacity under constant pressure in pipe (constant);
: average specific heat capacity of the steam in heattransfer zone (kJ/(kg⋅K));
: coal-fired value (kg/s);
Δ : the steam temperature difference between input and output of the economizer (K).
By establishing the differential equations for the supercritical once-through boiler generation units, the model of the evaporation zone and the steam-separator can be acquired [34, 35] .
Modeling of the Steam Separator.
If there is no other source which transfers heat to the separator, the following equations can be written as
(
As / = , the equation is simplified as
(2)
Modeling of the Evaporation Zone.
It is assumed that the steam and the liquid medium are thoroughly mixed without any pressure loss. Therefore, the differential equations are presented as
Due to = − ( / ), the result is simplified as
As − = Δ , the equation can be further simplified as
where / = , is considerd as a constant. Meanwhile, the steam evaporated equation is given as
The steam momentum equation is
The derivative of (7) is
Therefore, the system's state equation is obtained as
The affine nonlinear system [36] can be defined aṡ
where the state vector about (9) 
Exact Feedback Linearizing Controller Design.
The nonlinear system is difficult to solve as the model from (9) includes five independent variables. To simplify the model of IPT, only the variables and equations which are related to IPT are chosen while others are ignored. The simplified model is expressed in the general form of affine nonlinear system (10) . The chosen equations can be written as
Due to definition of (10), the state vector is
, the output vector is = ℎ( ) = = 2 , the control vector is = , and the vectors ( ), ( ) are
Therefore, the chosen model (12) could be considered as a single-input and single-output system. The controller based on exact feedback linearization can be designed through the following steps.
Calculation of Relative Degree and Coordinate Transformation.
In order to obtain the relative degree, the LIE derivative should be calculated. Firstly, the LIE derivative is figured out as
Assuming that (1/ ) + − 1 ̸ = 0 from (15) is satisfied, therefore the relation degree is = = 2.
Secondly the coordinate transformation = Φ( ) can be written as
where is the referenced steam enthalpy at the outlet of the separator and also named as the referenced intermediate point enthalpy in this paper ( = = 2666.89 kJ/kg).
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Finally, a new linear system after coordinate transformation and exact feedback linearization is derived aṡ
where V is named as the optimal control vector of the linear system. The linear system iṡ= + V, which is a completely controllable Brunovsky linear system.
Design of Control Law.
Using the optimal control law [37] , V can be written as
where = −1
. Assuming that = 1, is the solution of the following Riccati equation:
where the Brunovsky standard coefficient matrices and are
is a positive definite or semidefinite symmetric matrix. Assuming that = [ 1 0
0 0 ], the solution of (19) is derived as
Therefore, the optimal control vector V from (18) can be written as
As the relationship between linearity and nonlinearity is = (− 2 ℎ( ) + V)/ ℎ( ), the exact feedback linearizing control law can be obtained as
Simulation on Control of IPT via Affine Nonlinear System
To verify the validation of the law (23) for supercritical units, the stability analysis and simulations of the proposed algorithms are necessary and essential. 
The enthalpy can be obtained by using (24 .
The Lyapunov Law is used to analyze the stability of the systems (25) and (26) . The model (25) 
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At 100% load, is = 486 kg/s. The eigenvalues after introducing into (30) are 1 = −0.7047 + 0.7098 , 2 = −0.7047 − 0.7098 . According to the Lyapunov Law [38] , if all eigenvalues of matrix have negative real parts, the system (25) is asymptotically stable under condition of (28) . Therefore the system (25) is asymptotically stable at 100% load. The load is varied from 100% to 30% while keeping other parameters constant. The coefficient matrix eigenvalues at different loads are obtained and presented in Table 1 .
From Table 1 , it is shown that all coefficient matrix eigenvalues have negative real parts. Therefore, the nonlinear system is asymptotically stable at different loads.
Simulation with Disturbance of Feed-Water Flow.
In order to reflect the real dynamic of the practical system, the feedwater flow disturbance is considered in the simulation. The structure diagram of affine nonlinear system is presented in Figure 1 .
The model in Figure 1 is from (25) , and the controller output is from (26) . At 100% load, parameters and are introduced into the system. The performance without the feed-water flow disturbance is presented in Figure 2 . In Figure 2 , at 100% load, the system peaks at 2765 kJ/kg which means the overshoot is 3.7%, the regulation time is 8 s, and the steady-state output is 2667.4 kJ/kg. Then the noise signal is considered as the feed-water flow disturbance and injected into the controller output . The system response is presented in Figure 3 .
As shown in Figure 3 , sudden increase of the feed-water flow can lead to the decrease of the intermediate point enthalpy. The result that the enthalpy of IPT recovers rapidly after disturbance means the performances match practical operation of the 600 MW supercritical unit. Therefore, it is concluded that the model of affine nonlinear system on IPT in this paper is valid and reasonable.
Results at Different Loads.
To study the affine nonlinear system further, more simulations have been conducted on IPT for the 600 MW supercritical unit at different loads (boiler type: SG1913/25.40-MXXX). While keeping other parameters constant, different loads leads to different , respectively, in Table 2 . Then simulations with the same feedwater flow disturbances have been conducted after substituting into (25) and (26) . The noise signal is considered as the feed-water flow disturbance and adopted into the controller output at 15 s (except 40 s at 80% load). The simulation performances at different loads are presented in Figure 4 .
As shown in Figure 4 (c), simulations at different loads are similar and tend to stability finally.
Results after Simulation.
The results such as the overshoot , the regulation time , and the enthalpy difference are recorded into Table 2 The results in Table 2 show that the model of affine nonlinear system is able to reduce the enthalpy with the increase of feed-water flow. Its results matche practical conditions and can recover stability rapidly. the optimal control, the PID control is applied in this paper to control of IPT. As the model via affine nonlinear system is state equation which cannot be simulated with PID controller directly, it is essential that the system transfer function should be calculated by point approximation linearization. The first equation of (12) after derivation is obtained as
Contrast Study on IPT with PID Control
Both sides of (31) after integrating at 0 can be written as
where = − ( 0 ) ( 0 ). After substituting into (32) , it can be derived as
The first equation of (12) is simplified as
Assuming that ( ) and ( ) are variables which are only related to time , (34) after Laplace transform is
The second equation of (12) after Laplace transform is expressed as
The relationship between the intermediate point enthalpy and the feed-water flow is obtained as
The enthalpy can be obtained by using (24 
where (103.16+1639.7 )/(0.77 ) is considered as disturbance. Therefore, the system structure diagram after PID control of IPT is presented in Figure 5 .
Simulation with Feed-Water Flow Disturbance.
To verify the rationality of (38), the feed-water flow disturbance has been adopted into the system and the performance has been observed. At 100% load, PID simulation is conducted without the feed-water flow disturbance based on the system model in Figure 5 . The simulation performance is presented in Figure 6 .
As shown in Figure 6 , the system peak at 100% load is 3186 kJ/kg which means the overshoot is 19.4%, the regulation time is 40 s, and the steady-state output is 2666.98 kJ/kg. Then the noise signal is considered as the feed-water flow disturbance and adopted into the controller output at 90 s. The simulation performance is presented in Figure 7 .
As shown in Figure 7 , sudden increase of feed-water flow could reduce the intermediate point enthalpy. The result that the enthalpy of IPT recovers rapidly after disturbance means the phenomenon matches practical operation of the 600 MW supercritical unit. It is concluded that the model of the transfer function on IPT in this paper is valid and reasonable.
Simulation at Different
Loads. The PID control of IPT for the 600 MW supercritical unit has been simulated at different loads. For example, at 100% load, the simulation result with the feed-water disturbance is presented in Figure 7 . While keeping other parameters constant, different loads lead to different parameters and ( 0 ), respectively, in Table 3 .
Then simulations are conducted after using the above parameters into (37) . The noise signal is also considered as the feed-water flow disturbance and adopted into the controller output at 90 s (it is 140 s, 150 s, and 200 s corresponding to 50%, 40%, 30% load). The performances at different loads are presented in Figure 8 .
As shown in Figure 8 , the results such as the overshoot , the regulation time , and the enthalpy difference at different loads are recorded in Table 4. ( 1 : before increasing feed-water flow disturbance. 2 : after increasing disturbance.)
Stability Analysis Contrast PID with Control via Affine
Nonlinear System. Two methods include control based on exact feedback linearization via affine nonlinear system and PID control has been adopted to control the IPT of the 600 MW supercritical unit. From Tables 2 and 4 , the following conclusions can be made. (1) When the control via affine nonlinear system is adopted at different loads, the overshoot is smaller, the regulation time is shorter, and the enthalpy difference can be controlled into a smaller range. The new proposed method can meet the unit's requirements better comparing with the PID. (2) When PID control is adopted at different loads, the performances are less effective as the overshoot is bigger and the regulation time is longer.
Conclusion
In this paper, the affine nonlinear model of IPT for the supercritical boiler unit has been established. The optimal control method based on exact feedback linearization has been adopted into system with the feed-water flow disturbance at different loads. To verify the validation of the new method, PID control simulation is also conducted for the comparison. The control via affine nonlinear system based on exact feedback linearization can be more effectively on IPT. It is seen that the overshoot is smaller and the regulation time is shorter which shows it can meet the unit's requirements better at different loads.
The future plans for control of IPT have been proposed as follows.
(1) More accurate models for the supercritical oncethrough boiler generation units should be established. Under practical operation, the models must be more complicated and more precise with high nonlinearity.
(2) More parameters changes should be considered. In this paper only the relationship between the feedwater flow and the IPT is focused on. More changing parameters should be studied in control of IPT in future.
(3) More control methods such as Robust Control [39] should be compared with the control via affine nonlinear system. In this paper only the PID control which is widely used on practical power plant control is compared with the new method. Future works will deal with IPT by considering the Robust Control. 
